Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal of malignancies, in large measure, due to the propensity of PDAC cells to acquire resistance to chemotherapeutic agents. A better understanding of the molecular basis of acquired resistance is a major focus of contemporary PDAC research. We report here the results of a study to independently develop cisplatin resistance in two distinct parental PDAC cell lines, AsPC1 and BxPC3, and to subsequently examine the molecular mechanisms associated with the acquired resistance. Cisplatin resistance in both resistant cell lines was found to be multifactorial and to be associated with mechanisms related to drug transport, drug inactivation, DNA damage response, DNA repair and the modulation of apoptosis. Our results demonstrate that the two resistant cell lines employed alternative molecular strategies in acquiring resistance dictated, in part, by pre-existing molecular differences between the parental cell lines. Collectively, our findings indicate that strategies to inhibit or reverse acquired resistance of PDAC cells to cisplatin, and perhaps other chemotherapeutic agents, may not be generalized but will require individual molecular profiling and analysis to be effective.
INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC), the most common type of pancreatic cancer, 1 is among the most lethal of malignancies, with an estimated 5-year survival rate in the United States of only 7.2%. 2 Major reasons for this poor prognosis include the following: (i) late diagnosis with about two-thirds of patients presenting locally advanced or metastatic disease, for which curative surgery is not available; 3 (ii) aggressive clinical behavior with rapid progression through local and distant metastases; and (iii) intrinsic resistance to conventional chemotherapy and radiotherapy. 4 In addition, even if early stages of PDAC are treated by surgical resection with curative intent, recurrent or metastatic disease can develop in long-term survivors. 5 As a result, effective systemic therapy (chemotherapy and/or immunotherapy) is clearly needed to better control this biologically aggressive disease.
For the last two decades, standard first-line treatment for locally advanced and metastatic PDAC relied on gemcitabine and more recently on its combination with the targeted agent erlotinib or the albumin-bound cytotoxic agent paclitaxel. 6 Another combination of four drugs, that is, the platinum agent oxaliplatin together with irinotecan, fluorouracil and leucovorin (Folfirinox), has shown modest improvement in response rates, overall survival and progression-free survival over treatment with single-agent gemcitabine. 7 Another platinum agent, cisplatin, is also being evaluated as a prospective addition to the combined chemotherapy of early, advanced or metastatic PDAC in several ongoing clinical trials (for example, trials NCT01150630 and NCT01593475, https://clinical trials.gov/). The addition of cisplatin to gemcitabine or other established drugs for the treatment of PDAC is reasonable, as cellular response to cisplatin is regulated by the Fanconi anemia/ BRCA pathway 8 that has been shown to be disrupted in a number of pancreatic cancers. 9, 10 Thus, pancreatic cancer cells may reasonably be expected to be sensitive to cisplatin.
Cisplatin displays a broad spectrum of anticancer activity, and is estimated to be administered to 40-80% of all cancer patients undergoing chemotherapy; 11 however, its clinical utility is often limited due to acquired drug resistance and adverse side effects. 12, 13 Consequently, understanding of the mechanisms involved in the resistance of PDAC cells to cisplatin is highly desirable as this insight may help to refine the use of cisplatin in pancreatic cancer chemotherapy. The purpose of this study was to independently develop two cisplatin-resistant pancreatic cancer cell lines from different parental PDAC cell lines and to subsequently examine the molecular mechanisms associated with their acquired resistance.
lines AsPC1-R and BxPC3-R resistant against cisplatin were developed from the respective low-passage number parental cell lines AsPC1 14 and BxPC3, 15 by culturing in medium with step-wise increasing concentrations of cisplatin as previously described. 16 Parental cells were seeded into tissue culture-treated flasks in full RPMI 1640 medium with 10% fetal bovine serum, 2 mM L-glutamine, penicillin (100 IU ml -1 ), streptomycin (100 μg ml -1 ) and amphotericin B (0.25 μg ml -1
), and cisplatin was added 24 h later when cell density was around 20% at a concentration equal to IC 20 . As the cultures became confluent, the cells were sub-cultured and cisplatin was added to the medium with step-wise increases of concentration. Response of parental and resistant cell lines to cisplatin was determined by the resazurin-based (TOX8) cell viability assay following 72-h treatment with different concentrations of cisplatin. IC 50 values were determined as previously described and expressed as average ± s.e. 17 Gene expression analysis by DNA microarrays Gene expression profiling of parental and resistant cell lines was performed using GeneChip Gene 1.0 ST Arrays (Affymetrix, Santa Clara, CA, USA). Total cellular RNA was isolated from exponentially growing AsPC1, AsPC1-R, BxPC3 and BxPC3-R cells in drug-free media. Fragmented and biotin-labeled cDNAs were prepared and hybridized onto arrays (three arrays per cell type). Hybridization data were processed and normalized by robust multi-array average-sketch and submitted to the Gene Expression Omnibus repository and are publicly available under the series accession number GSE73978.
Significantly differentially expressed genes for both resistant/sensitive cell pairs were identified using Significance Analysis of Microarrays. 18 Fold change for genes upregulated in resistant cells was expressed as a ratio of their normalized signal intensities in resistant vs parental cells; fold change for genes downregulated in resistant cells was expressed as a negative ratio of their normalized signal intensities in parental vs resistant cells. Genes with absolute fold change ⩾ 1.5 and false discovery rate (FDR) 0% were considered to be significantly differentially expressed. Differential expression of selected genes was validated by quantative PCR gene expression assays (for details see Supplementary Method and Results). Genes whose changes in expression had been previously associated with cisplatin resistance in cancer cells were identified from previously published reports, [19] [20] [21] [22] [23] [24] and a 72-member list of cisplatin resistance-related genes was created (Supplementary Material, Supplementary Table S1 ). Cisplatin resistance-related genes that were differentially expressed between at least one pair of resistant/parental cell lines were also examined for differential expression between parental AsPC1 and BxPC3 cells to assess the possible contribution of their baseline expression differences to the differences in their expression between resistant/sensitive pairs.
Functional analysis of gene expression data Probesets corresponding to differentially expressed genes were used in the pathway enrichment analysis using the MetaCore suite 6.23 build 67496 (Thomson Reuters, New York, NY, USA) that identifies significantly perturbed pathways by mapping differentially expressed genes onto manually curated pathway maps. 25 Pathways were considered to be significantly enriched if their q-values were ⩽ FDR threshold, for which the expected number of false-positive entities was ⩽ 1.
Gene sets significantly enriched in resistant and sensitive phenotypes were identified by the Gene Set Enrichment Analysis (GSEA) method 26 using robust multi-array average-sketch processed data without filtering of probesets, using categorical phenotype labels, gene set permutation type and signal-to-noise metrics. Gene sets included in the analysis were the following: H: Hallmark (50 gene sets) and C6: Oncogenic Signatures (189 gene sets) from the Molecular Signatures Database (URL: http://www. broadinstitute.org/gsea/msigdb/collections.jsp). The results of GSEA were visualized by the network-based 'Enrichment Map' method 27 implemented as Enrichment Map plugin v 2.0.1 in Cytoscape v 3.2.1 [ref. 28] . In the pathway enrichment analyses, the statistical significance of enrichment was evaluated using calculated P-values based on the hypergeometric distribution and corrected for multiplicity using the FDR procedure. The Enrichment Map parameters used were as follows: P-value cutoff: 0.001; FDR q-value cutoff: 0.05; Similarity cutoff (overlap coefficient): 0.5; and combined constant: 0.5.
Statistics
Unless stated otherwise, statistical analysis of the data was performed using GraphPad Prism 5.02 for Windows (GraphPad Software, San Diego, California USA), and differences were considered significant for two-sided P-valueo0.05.
RESULTS
Resistant pancreatic cell lines were established by step-wise increase in concentrations of cisplatin over more than 20 serial passages The pancreatic cancer cell lines, AsPC1 and BxPC3, which display considerable genotypic and phenotypic differences from one another (see Supplementary Material, Supplementary Table S2), were used for development of resistance to cisplatin through exposure to step-wise increases in concentrations of the drug over more than 20 passages. The resulting cell lines, AsPC1-R and BxPC3-R, are both significantly more resistant to the drug than their respective parental cells (AsPC1 IC 50 Tables S3-S6) . For example, genes upregulated in AsPC1-R cells were enriched in several complement and cytokineassociated immune response pathways and NF-kB signal transduction pathways. In contrast, genes upregulated in BxPC3-R cells were significantly enriched in the cyclic AMP-dependent and Thromboxane A2 signaling pathways and not in complement or cytokine-mediated pathways.
Interestingly, several pathways enriched for genes upregulated in BxPC3-R cells were enriched for genes downregulated in AsPC1-R cells and vice versa (Table 1) . For example, the immune response IL-1 Signaling Pathway that was found to be significantly enriched for genes downregulated in BxPC3-R cells (Supplementary Material, Supplementary Table S6) was also found as significantly enriched for genes upregulated in AsPC1-R cells (Supplementary Material, Supplementary Table S3) .
The immune response IL-17 Signaling Pathway was found to be significantly enriched for genes downregulated in BxPC3-R cells (Supplementary Material, Supplementary Table S6) but not for AsPC1-R (FDR, NS). However, when both upregulated and downregulated genes are considered together, the pathway was found to be significantly enriched for both resistant/parental pairs ( Figure 2) . Among the 49 genes involved in this pathway, 17 were differentially expressed between AsPC1-R/AsPC1 cells and 15 were differentially expressed between BxPC3-R/ BxPC3 cells (for both FDR o0.05). Overlaying the expression data on this pathway map demonstrates that differences in NF-kB activity between the two resistant PDAC cell lines (Table 1) Table S3) .
The results of the GSEA indicate that the cisplatin-resistant phenotypes for both PDAC cell lines are enriched for different gene sets. In the AsPC1-R/AsPC1 cell pair, the resistant cells are enriched for gene sets relevant to interferon response, inflammatory response, complement, hypoxia, NF-kB, IL6 and IL2-mediated signaling. In contrast, in the BxPC3-R/BxPC3 cell pair, many of these same gene sets were enriched in the parental phenotype but not in the resistant phenotype (Supplementary Material, Supplementary Figs. S3-S6 ). In addition, gene sets relevant to KRAS signaling that are enriched in AsPC1-R resistant cells display enrichment in BxPC3 parental cells. Overall the GSEA indicates that, relative to parental cells, AsPC1-R cells display expression changes consistent with activated EGFR, KRAS, RAF and AKT and reduced activity of MYC, E2F and NOTCH, whereas the expression profile of BxPC3-R cells is consistent with reduced activity of EGFR, KRAS, RAF and AKT and enhanced activity of MYC, E2F and NOTCH.
Cisplatin-resistant AsPC1-R and BxPC3-R cells display changes in gene expression for different cisplatin resistance genes Previous studies have identified genes directly associated with resistance to cisplatin therapy (Supplementary Material, Supplementary Table S1). These genes are involved in functionally significant processes such as drug transport, drug inactivation, DNA damage response, DNA repair and apoptosis. We selected 72 of the best characterized of these genes (Supplementary Material, Supplementary Table S1) to compare their expression patterns in our resistant and parental cell lines. Twenty of these genes displayed significant changes in expression in at least one of the resistant cell lines relative to their sensitive parental controls (Table 2) . We have validated the results of our microarray analysis and confirmed that CCND1 (cyclin D1) is upregulated in AsPC1-R cells; ERCC1 (excision repair cross-complementation group 1) is upregulated in BxPC3-R cells and CLU (clusterin) is upregulated in both AsPC1-R and BxPC3-R cells relative to corresponding parental cell lines (Supplementary Method and Results).
Although both pairs of resistant/parental PDAC cell lines displayed significant changes in gene expression that were consistent with the acquisition of cisplatin resistance, only two genes, CLU and LRRFIP1 (Leucine Rich Repeat Interacting Protein 1), were significantly overexpressed in both resistant cell lines relative to their parental cell lines.
The majority of changes in expression of genes previously associated with cisplatin resistance were observed in one or the other of the selected cell lines but not both. For example, ERCC1, POLB (polymerase (DNA directed), beta) and CHEK2 (checkpoint kinase 2) are genes previously shown to be involved in nucleotide excision repair 29 and DNA translesion synthesis. 30 Expression of ERCC1 was significantly increased in BxPC3-R cells but not in AsPC1-R cells, whereas expression of POLB was significantly increased in AsPC1-R cells but not in BxPC3-R cells, relative to parental cell lines. Thus, the development of cisplatin resistance in both cell lines appears to have involved the acquisition of enhanced DNA repair processes but by alternative strategies.
In some cases, the results suggest that the alternative strategies may have been influenced by differences in gene expression levels pre-existing between the two parental cell lines. For example, the drug transporter-encoding gene ATP7A (ATPase, Cu 2+ transporting, alpha polypeptide) is expressed at a significantly higher level in parental AsPC1 cells relative to parental BxPC3 cells (Table 2) . Likewise, ABCC2 (ATP-Binding Cassette Subfamily C Member 2) and MVP/LRP (Major Vault Protein/Lung Resistance-Related Protein) genes are upregulated in parental AsPC1 cells, and these starting differences may, in part, explain why AsPC1 cells are inherently more resistant to cisplatin than BxPC3 cells (IC 50 : 20 μM vs 0.9 μM, respectively). Interestingly, the acquisition of cisplatin resistance resulted in a significant increase in ATP7A expression levels in BxPC3-R cells but not in AsPC1-R cells possibly because the gene was already expressed at a relatively high level in the AsPC1 parental cell line (Table 2) .
Similar reasoning may apply to the significant increases in mRNA levels of the CD44 (CD44 molecule-Indian blood group), GCLM (Glutamate-Cysteine Ligase, Modifier Subunit) and SLC31A2 (Solute Carrier Family 31, Member 2) genes in AsPC1-R cells but not in BxPC3-R cells relative to their parental controls.
In a number of instances, there was a clear preference for increased expression of cisplatin resistance genes by one cell line or the other regardless of differences in expression between parental cell lines. For example, increased expression of the ABCC2 (ATP-Binding Cassette, Sub-Family C, Member 2), BIRC3 (Baculoviral IAP Repeat Containing 3) and CFLAR (CASP8 And FADD-Like Apoptosis Regulator) genes was associated with the In a few cases, the two cell line pairs displayed differences in the direction of expression changes associated with increased resistance to cisplatin. For example, expression of BIRC3 gene, although significantly increased in the resistant AsPC1-R cells, was significantly reduced in the resistant BxPC3-R cells all relative to their respective parental cell lines. The downregulation of cisplatin resistance genes in cells developed for increased resistance seems counterintuitive but again indicates apparent selection for alternative molecular pathways in the acquisition of resistance in the two cell lines. The unexpected downregulation of some cisplatin resistance genes in one or other of the selected cell lines may simply reflect stochastic changes in the expression of some 31 The traditional antineoplastic agent cisplatin has demonstrated remarkable efficacy in the treatment of testicular germ cell tumors and has been shown to provide significant clinical benefits in the treatment of various other cancers. 32 Currently cisplatin is being evaluated in combination chemotherapy for PDAC in several clinical trials (https://clinicaltrials.gov/). As PDAC displays limited response to current chemotherapies due to a number of reasons, including, most frequently, intrinsic and acquired drug resistance, 33 clinical efficacy of cisplatin may be limited by drug resistance as well.
Extensive prior research has demonstrated that cancer cells can develop resistance to cisplatin in a variety of ways (reviewed in refs 13,20,21,34) that include (i) pre-target resistance, for example, by reduced accumulation or increased extrusion of cisplatin by transporters, or its enhanced inactivation by glutathione (GSH) or metallothionein-mediated sequestration; (ii) on-target resistance, through DNA repair; (iii) post-target resistance via modulation of DNA damage recognition, damage response and apoptosis; and, (iv) off-target resistance, for example, through compensatory prosurvival signals or unspecific adaptive responses not directly activated by cisplatin. 34 Although cisplatin-resistant cells with a single major mechanism responsible for their drug resistance have been reported, 35 in the majority of cases, cisplatin resistance appears to be multifactorial with several unrelated mechanisms employed simultaneously within the same cell. 36 The purpose of the present study was to independently develop cisplatin resistance in two distinct parental PDAC cell lines and to subsequently examine the molecular mechanisms associated with the acquired resistance. We primarily focused on comparison of pathways enriched by differentially expressed genes, as well as gene sets enriched in cisplatin-resistant or parental phenotypes. In addition, we have examined changes in expression of 72 genes previously found to be involved in cisplatin resistance of cancer cells (Supplementary Material, Supplementary Table S1). Our study included only microarray analysis without functional validation of the role of specific differentially expressed genes in the resistance of cancer cells to cisplatin. Nevertheless, this analysis is sufficient to examine how different cell lines of the same cancer type deploy different combinations of known cisplatin resistance-associated genes to achieve drug-resistant phenotype.
The cell lines selected for our study represent in vitro models of PDAC with considerably different origin, molecular properties and morphology in cell culture. Specifically, AsPC1 cells are K-Ras mutant cells isolated from ascites of a poorly differentiated metastatic carcinoma of the head of the pancreas, whereas BxPC3 is a K-Ras wild-type cell line developed from a moderately-topoorly differentiated primary adenocarcinoma of the body of pancreas (Supplementary Material, Supplementary Table S2 ). In addition, these two cell lines differ in mutational status of other cancer relevant genes and expression of pro-angiogenic factors. 37 These considerably different PDAC cell lines were selected to represent diversity that can be encountered in this tumor type and development of its resistance to cisplatin. Other investigators have also used these distinct cell lines in a gene expression study to represent variability of pancreatic adenocarcinomas and their response to cell invasion-inducing agent phorbol 12-myristate 13-acetate. 38 Likewise, these cell lines have been used in a functional study of the role of Twist and GDF15 genes in cisplatin resistance. 39 In general, our findings support a multifactorial character for cisplatin resistance developed in two different PDAC cell lines that include mechanisms related to drug transport, drug inactivation, DNA damage response, DNA repair and the modulation of apoptosis.
The results of our molecular pathway analyses of the two pairs of parental/resistant cell lines indicate that although cellular functions previously associated with drug resistance were significantly changed in both cell lines, alternative strategies were taken in acquiring resistance. For instance, K-Ras signaling is activated in AsPC1-R but not in BxPC3-R cells, whereas MYCsignaling is activated in BxPC3-R but not in AsPC1-R cells (Supplementary Material, Supplementary Figures S3 and S4) .
A similar result was observed when our analysis focused on specific genes previously associated with cisplatin resistance. Although many of these previously identified genes displayed significant changes in expression in the resistant cell lines, many of these changes were found to be unique to one cell line or the other. Specifically, the cisplatin resistance-related genes ABCC2, BIRC3, CCND1, CFLAR, CHEK2, ERCC1, MT2A, POLB, GCLC and GSTT2 were found likely to be involved in the resistance of one but not both cisplatin-resistant PDAC cell lines. The ABCC2 gene codes for MRP2/cMOAT transporter that confers resistance to cisplatin by enhanced efflux of GSH-cisplatin conjugates.
40 BIRC3 (c-IAP2) is a member of the Inhibitors of Apoptosis Proteins (IAP) family that inhibits caspase activity. 41 CCND1 likely contributes to cisplatin Cisplatin resistance of pancreatic cancer cells R Mezencev et al resistance both through cell cycle control and inhibition of apoptosis. 42 CFLAR (c-FLIP) inhibits apoptosis by blocking the activation of caspase-8. 43 The CHEK2 gene encodes for a Chk2 kinase involved in the propagation of the DNA damage signal affecting cell cycle arrest, DNA repair and apoptosis, and its degradation or decreased expression is associated with cisplatin resistance. 44 ERCC1 is a component of ERCC1-XPF endonuclease that has a critical role in repair of cisplatin-induced DNA lesions by nucleotide excision repair. Furthermore, ERCC1-XEF facilitates repair of double strand breaks induced by processing of cisplatin-induced DNA interstrand crosslinks. 45 MT2A, an intracellular cysteine-rich protein, inactivates cisplatin through interaction and scavenging of reactive oxygen species generated in cisplatintreated cells (reviewed in 13). POLB is an error-prone DNA polymerase involved in base excision repair, and its upregulation enhances genetic instability and cisplatin resistance. 46 Both GCLC and GSTT2 are involved in GSH homeostasis and contribute to cisplatin resistance through inactivation of cisplatin and reactive oxygen species scavenging. 21 Likewise, AsPC1-R but not BxPC3-R cells display activated NF-kB signaling that has been previously shown to inhibit cisplatininduced apoptosis in some but not all examined cancer cell lines. 23 NF-kB, which has a complex signaling role in inflammation and cancer, likely acts through transcriptional activation of negative regulators of apoptosis, including CFLAR 47 and BIRC3.
48
Both these genes were upregulated in AsPC1-R but not BxPC3-R cells. Our conclusion from pathway enrichment analysis that NF-kB signaling is activated in AsPC1-R cells is further supported by upregulation of CCND1, which is known to be a direct transcriptional target of NF-kB. 49 CCND1 was confirmed to be overexpressed in AsPC1-R cells relative to AsPC1 cells by quantative PCR expression assay (Supplementary Methods).
The resistant cell lines AsPC1-R and BxPC3-R also differ in the activity of MYC and EGFR/RAS/MAPK pathway, which can, depending on the cell context, contribute to the cisplatin resistance through compensatory pro-survival signals. 36 Oncoprotein c-MYC has been recently shown to promote cisplatin resistance through increased activity of PARP1, a key component of base excision repair. 50 Activated EGFR/RAS/MAPK signaling reportedly enhances cisplatin resistance by increased GSH levels and upregulation of transcriptional targets of AP1 complex, including GST2 gene. 21 Differences between parental cell lines AsPC1 and BxPC3 in their sensitivities to cisplatin could be attributed to upregulation of ABCC2, ATP7A and MVP/LRP transporters, which are known to mediate cellular efflux of cisplatin or cisplatin-glutathione conjugate. [50] [51] [52] [53] Upregulation of these cisplatin resistance genes in AsPC1 cells relative to BxPC3 cells was also found in the GSE22973 data set (Gene Expression Omnibus; www.ncbi.nlm.nih. gov/geo), which supports the validity of our gene expression data (Supplementary Material, Supplementary Figure S7) .
Our results suggest that the alternative strategies taken by the two resistant cell lines may be at least partially dictated by molecular differences between the parental cell lines. For example, activation of EGFR/RAS/KRAS signaling in AsPC1-R cells likely reflects the presence of oncogenic activating mutation G12D in KRAS gene. 17 In other cases, however, the alternative strategies may simply be a reflection of initial random selection of one or a subset of alternative adaptive responses that become subsequently reinforced over repeated rounds of selection.
Only two cisplatin resistance-related genes CLU and LRRFIP1 were found upregulated in both resistant cell lines. This finding is consistent with previously reported results that demonstrated few consistently differentially expressed genes across several parental/ resistant pairs of cells derived from other cancer type. 54 Secreted isoform of CLU confers anticancer drug resistance through its interaction with activated Bax and subsequent inhibition of apoptosis. 22 Although CLU has been previously associated with resistance of pancreatic cancer cells to gemcitabine, 55 its involvement in cisplatin resistance of pancreatic cancer cells had not yet been reported. As a result, our finding is intriguing and extends understanding of the role of CLU in drug resistance of pancreatic cancer cells.
The complexity of network interactions that underlie cellular functions provides cancer cells with a variety of alternative strategies by which to respond or adapt to environmental and/or mutational changes over time. Indeed, it is this inherent cellular complexity that is believed to underlie the molecular individuality of pancreatic 56 and other types of cancers 57 and which supports the implementation of personalized approaches to cancer therapy. 58 Our results indicate that the resistance of pancreatic and perhaps other cancer cells to cisplatin may also be attained by a variety of alternative molecular mechanisms/pathways and that strategies to inhibit or reverse acquired resistance of cancer cells to cisplatin cannot be generalized but will require individual molecular profiling and analysis.
